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Hemangiomas are the most common type of tumor in infants. As they are endothelial cell-derived neo-
plasias, their growth can be regulated by the autocrine-acting Tie2 ligand angiopoietin 2 (Ang2). Using an
experimental model of human hemangiomas, in which polyoma middle T-transformed brain endothelial
(bEnd) cells are grafted subcutaneously into nude mice, we compared hemangioma growth originating from
bEnd cells derived from wild-type, Ang2*/~, and Ang2~~ mice. Surprisingly, Ang2-deficient bEnd cells formed
endothelial tumors that grew rapidly and were devoid of the typical cavernous architecture of slow-growing
Ang2-expressing hemangiomas, while Ang2*/- cells were greatly impaired in their in vivo growth. Gene array
analysis identified a strong downregulation of NADPH oxidase 4 (Nox4) in Ang2*~ cells. Correspondingly,
lentiviral silencing of Nox4 in an Ang2-sufficient bEnd cell line decreased Ang2 mRNA levels and greatly
impaired hemangioma growth in vivo. Using a structure-based approach, we identified fulvenes as what we
believe to be a novel class of Nox inhibitors. We therefore produced and began the initial characterization
of fulvenes as potential Nox inhibitors, finding that fulvene-5 efficiently inhibited Nox activity in vitro and
potently inhibited hemangioma growth in vivo. In conclusion, the present study establishes Nox4 as a critical
regulator of hemangioma growth and identifies fulvenes as a potential class of candidate inhibitor to thera-

peutically interfere with Nox function.

Introduction

Hemangiomas are the most common neoplasms of infancy. While
the exact pathogenesis of these lesions remains obscure, prior stud-
ies have shown that they are clonal neoplasms (1). These lesions,
unlike most other neoplasms, undergo spontaneous regression.
The molecular repertoire of angiogenic cytokines controlling hem-
angioma growth is poorly understood, but evidence has emerged
that the Tie2 ligand angiopoietin 2 (Ang2) plays a dominant role
in hemangioma growth (1, 2). While hemangiomas of infancy are
exclusively a disorder of childhood, a histologically similar lesion
is acquired through infection by the bacterium Bartonella bacillifor-
mis in adults. B. bacilliformis infection similarly leads to increased
production of Ang2 (3).

We have previously shown that pharmacologic blockade of Ang2
in a murine model of hemangiomas leads to decreased growth
in vivo (2). We therefore expected that polyoma middle T onco-
gene-transformed endothelial cells derived from Ang2-deficient
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mice would be unable to form hemangiomas in vivo. Surprisingly,
Ang2-deficient endothelioma cells formed tumors much faster
than Ang2-expressing endothelioma cells, but these tumors were
not hemangiomas; rather, they histologically resembled angio-
sarcomas. We therefore hypothesized that endothelioma-derived
Ang2 may control critical downstream mediators of hemangioma
growth. Exploratory gene array experiments identified the NADPH
oxidase Nox4 as being downregulated in Ang2 heterozygous cells
that grow poorly in vivo. Thus, loss of Ang2 appears to affect the
ability of endothelial cells to form hemangiomas, while loss of
Nox4 appears to have a more severe phenotype, in significantly
inhibiting the growth of hemangiomas in vivo. We also demon-
strate that novel fulvenes, which block Nox4, have potent inhibi-
tory effects on hemangioma growth in vivo.

Results

Ang27/~ cells form rapidly growing tumors in vivo while Ang2*/~ and
Ang2*/* form tumors with greatly delayed latency. Polyoma middle
T-transformed endothelial cells were established from primary
endothelial cells isolated from P3 murine brains of wild-type,
Ang2-heterozygous, and Ang2-deficient mice. In order to study the
tumor-forming potential of these cells, low numbers of Ang2~/-,
Ang2*-, and Ang2*/* cells (2.5 x 10%) were injected subcutaneously
into nude mice. The mice were observed over a period of 4 weeks.
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Figure 1

Differential tumor growth in endotheliomas derived from Ang2 wild-type, heterozygous, and knockout mice. Tumor formation in Ang2-- cells
and Ang2+- cells in vivo (A). Six mice were injected with 2.5 x 105 Ang~- or Ang+- cells. Animals were euthanized on day 30, secondary to
tumor burden in the Ang=-animals. The figure depicts the average tumor volume (mm3) in both experimental groups. Error bar represents SEM.
P < 0.05 versus control. Morphological analysis revealed typical cavernous hemangiomas in wild-type endothelioma—derived hemangiomas (B)
and in Ang2+- endothelioma—derived hemangiomas (C) compared with the solid growth of Ang2-- endothelioma—derived sarcomas (D). (E-G)
CD31 immunohistochemistry of Ang2++, Ang2+-, and Ang2-- tumors, respectively, with positive staining in all 3 tumors, but decreased differen-
tiation in the Ang2-- tumors. (H-J) Immunocytochemistry of CD31, with pink staining representing CD31 and blue DAPI staining representing
nuclei. (J) RT-PCR of Ang2++, Ang2+-, and Ang2-- cells for CD31, with GAPDH as a loading control. Original magnification, x40. (K) Repre-
sented is RT-PCR for CD31 in all 3 phenotypes of endothelial cells. Note presence of the endothelial marker CD31 in all 3 types of cells. GAPDH
represents a loading control. PCR was performed using QIAGEN reagents per manufacturer’s protocol and 35 cycles performed at an annealing
temperature of 55°C. To confirm expression of the endothelial marker CD31, PCR was performed using the following primer sequences: forward,
5-GTGAAGGTGCATGGCGTATC-3; reverse 5-CACAAAGTTCTCGTTGGAGGT-3', producing a 192-bp product. PCR for GAPDH was used

as a control: forward, 5'-AGGTCGGTGTGAACGGATTT-3’; reverse, 5-CTCCTGGAAGATGGTGATGG-3', resulting in a 224-bp band.

Under these experimental conditions, Ang2”* and Ang2"/~ cells
formed slow-growing tumors with the characteristic morpho-
logical appearance of cavernous hemangiomas (Figure 1, A-C).
In contrast, Ang2”/~ cells generated from knockout littermates
formed much faster-growing tumors that had lost the typical
cavernous hemangioma-like morphology of tumors originating
from wild-type cells and resembled angiosarcoma instead (Figure
1D). Immunostaining for CD31, RT-PCR for CD31, and CD31
immunohistochemistry demonstrated that all lesions retained
endothelial differentiation, but tumors derived from Ang27/" cells
were histologically sarcomatous rather than hemangiomas. In fact,
the growth difference was so pronounced that a detailed side-by-
side comparison of wild-type hemangiomas with heterozygous
and Ang27~ hemangiomas was not possible because Ang27~ hem-
angioma-bearing mice had to be sacrificed prior to the growth of
Ang2*/~ or Ang2"”* neoplasms.

Nox4 and Nrarp are strongly downregulated in Ang2-heterozygous
endothelial cells. Comparative gene array experiments were pet-
formed in order to yield mechanistic insight into the pronounced
growth difference between Ang2-deficient and Ang2-heterozygous
endothelial cells. Among the differentially expressed genes, Notch-
related ankyrin repeat protein (Nrarp) and Nox4 were identified as
among the most differentially expressed. Confirmatory quantita-
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tive RT-PCR analyses validated the array experiments and dem-
onstrated the pronounced downregulation of Nrarp and Nox4
expression in Ang2"/~ cells compared with Ang2~~ cells (Figure 2).

bEnd.3 Nox4shRNA cells show decreased expression of Ang2 and Nox4
in vitro. In order to determine whether Ang2 and Nox4 expression
is associatively linked, Nox4 shRNA-mediated knockdown cells
were generated in brain endothelial 3 (bEnd.3) cells, a well-estab-
lished model of hemangiomas. Knockdown was efficient, with a
91% decrease in Nox4 expression (Figure 3A) and a concomitant
73% decrease in Ang2 expression in bEnd.3 Nox4shRNA cells (Fig-
ure 3B) compared with control cells.

bEnd.3 Nox4shRNA cells show reduced tumor growth. In order to
determine whether the high tumorigenic potential of Ang2~~endo-
thelium may be related to dysregulated Nox4 expression, Nox4
expression was shRINA silenced in bEnd.3 endothelioma cells and
the tumorigenicity of Nox4-silenced and control bEnd.3 cells was
studied in vivo. Toward this end, large numbers of bEnd.3 cells
(10°) were injected subcutaneously into nude male mice and tumor
growth was monitored for a period of 2 weeks. Control bEnd.3
cells readily formed large hemangiomas, whereas Nox4-silenced
cells grew only small nodules (Figure 4).

Fulvene-S inhibits Nox function in vitro. In order to inhibit Nox4
function pharmacologically, we tested fulvene derivatives as a
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Downregulation of Nrarp and Nox4 mRNA in Ang2 heterozygous endothelioma cells. RT-PCR analysis of Ang2-- and Ang2+- cells. Nrarp
mRNA expression (A) and Nox4 mRNA expression (B) are increased in Ang2-- cells compared with Ang2+- cells. Bars represent the average
of triplicate experiments, and error bars indicate SEM. P < 0.05 versus control.

potentially new class of Nox inhibitors. We used HEK293 cells sta-
bly transfected with constitutively active Nox4 and COSphox cells
harboring inducible Nox2/p47phox/p67phox complex and mea-
sured hydrogen peroxide generation by homovanillic acid (HVA)
assay. Fulvene-5 treatment decreased Nox4- and Nox2-mediated
ROS production by approximately 40% (Figure 5).

Fulvene-S downregulates Ang2, Nrarp, DIl4, and PIGF expression in
bEnd.3 cells. We confirmed the decreased expression of Ang2, delta-
like ligand 4 (DLL4), placental growth factor (PLGF), and Nrarp
in a dose-dependent manner in bEnd.3 cells treated with fulvene-5
and determined a 99% decrease in Nrarp expression, a 60% decrease
in PLGF expression, a 75% decrease in DLL4 expression, and at the
same time, a 25% decrease in Ang2 expression in bEnd.3 treated
with 1.0 uM of fulvene-5, consistent with data obtained from
either loss of Ang2 or Nox4 knockdown in polyoma-transformed
endothelial cells (Figure 6).

Fulvene-5 reduces hemangioma formation in mice injected with bEnd.3 cells.
To determine whether fulvene-5-induced loss of Nox4 demonstrat-
ed antitumorigenicity, we injected nude mice subcutaneously with
high numbers of bEnd.3 cells (10°). Mice were treated with fulvene-5
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Figure 3

(120 mg/kg/d) or vehicle control for 2 weeks, and tumor growth as
well as tumor burden were analyzed thereafter. Tumor growth in
mice treated with fulvene-5 was significantly reduced compared with
that in vehicle control-treated mice (Figure 7, A and B).

Discussion
The Tie2 ligand Ang2 has been identified as an antagonistic ligand
of constitutive Angl/Tie2 signaling (4). As such, it destabilizes
the vascular endothelium and primes it to respond to exogenous
cytokines (5). Yet Ang2 functions are contextual, and Ang2 has
been shown to be capable of acting both as an inhibitory ligand of
Tie2 and as a stimulating ligand even though the molecular mecha-
nisms controlling agonistic versus antagonistic functions of Ang2
are largely unknown (5). Importantly, Ang2 is almost exclusively
produced by endothelial cells themselves (6, 7). Since it is produced
by its own target cell, it functions as an autocrine-acting growth
factor of endothelial cells.

Hemangiomas are endothelial-derived benign vascular neo-
plasms. Corresponding to its endothelial cell origin, Ang2 has
in recent years been identified as a major regulator of heman-
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Nox4 siRNA downregulates endogenous Nox4 and Ang2 in bEnd.3 cells. Expression of Nox4 (A) and Ang2 (B) in bEnd.3 Nox4siRNA cells. Nox4
mRNA and Ang2 mRNA expression are decreased in bEnd.3 Nox4shRNA cells. Bars represent the average of triplicate experiments, and error

bars indicate SEM. P < 0.05 versus control.
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Figure 4

Tumor volumes in bEnd.3 control versus bEnd.3 Nox4shRNA. Six mice
were injected with 108 bEnd.3 control and bEnd.3 Nox4shRNA cells.
Animals were euthanized on day 14, secondary to tumor burden in the
bEnd.3 control animals. The figure depicts average tumor volume (mm3)
in each group. Error bars represent SEM. P < 0.05 versus control.

gioma growth (1, 2). Based on these findings, the present study
was aimed at molecularly dissecting the role of Ang2 during
hemangioma growth. The study yielded surprising findings that
shed mechanistic insights into the pathogenesis of hemangioma
growth and open the door toward modalities that may thera-
peutically interfere with hemangiomas. Specifically, the present
study identifies (a) loss of hemangioma differentiation in tumors
derived from Ang2-knockout cells, indicating a requirement for
Ang?2 in hemangioma genesis; (b) the downregulation of Nox4
in polyoma-transformed endothelial cells in poorly tumorigenic
Ang2*/~ cells; (c) reduced hemangioma Ang2 production upon
Nox4 silencing; (d) reduced hemangioma growth upon Nox4
silencing; and (e) fulvene-5 as inhibitor of Nox4 and correspond-
ingly as potent inhibitor of hemangioma growth.

NADPH oxidases (Nox) are a family of NADPH-dependent
enzymes that generate reactive oxygen species and consist of 7
members in humans (8-13). These enzymes are part of multiunit
complexes that may include p22¢7¥, cytosolic oxidase components,
and the small GTPases Racl and Rac2. The first Nox enzyme to
be identified was Nox2 (gp91##), which is frequently mutated in
chronic granulomatous disease and is responsible for the phago-
cyte respiratory burst (14, 15). Other Nox/Duox enzymes were
discovered as superoxide/hydrogen peroxide-generating enzymes
in other cell types. Nox1 is highly expressed in gastrointestinal epi-
thelium, Nox3 in the inner ear, and Nox4 in a number of tissues
including malignant melanoma (16, 17). We have previously shown
that Nox4 is expressed in endothelial cells and in bEnd.3 cells (2).

Arole for Nox in hemangioma growth was circumstantially sug-
gested in earlier experiments. We have demonstrated that topical
application of eosin, a potent Nox inhibitor, causes regression of
ulcerated hemangiomas of infancy (18). Likewise, systemic pro-
pranolol, a beta blocker, has also shown efficacy in hemangiomas
of infancy (18). Propranolol has activity against reactive oxygen in
addition to its activity against the -adrenergic receptor (19).

The identification of a critical role of Nox4 in hemangioma growth
suggested that Nox may serve as a target to therapeutically interfere
with hemangioma growth. Small molecule inhibitors of Nox have
been synthesized, but in vivo data are limited. Based upon structural
similarities to the well-studied Nox inhibitor diphenylene iodoni-
um, we found that triphenylmethane dyes are potent inhibitors of
Nox. Unfortunately, many of these compounds are poorly tolerated
2362
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in vivo. The structure of triphenylmethanes indicated a need for
conjugated aromatic structures that allow electron delocalization.
In order to create similar structures without the triphenylmethane
backbone, we synthesized fulvenes through the addition of sodium
cyclopentadienide to ketones. Fulvenes are aromatic structures, yet
they are highly water soluble. By conjugation of sodium cyclopen-
tadienide with the ketone indigo, we synthesized fulvene-5, which
showed inhibitory activity against both Nox4 and Nox2 function.
We found that fulvene-S blocked the production of Ang2 as well
as other genes downstream of Nox4, including Nrarp. In addition,
fulvene-5 potently inhibited the growth of bEnd.3 hemangioma in
vivo. This represents what we believe is the first pharmacologic use
of any compound with the fulvene structure.

The detailed molecular mechanisms of Nox4 function during
hemangioma growth remain to be elucidated. bEnd.3 hemangio-
mas are a classic model of endothelial cell recruitment in that they
grow through a process called host recruitment (20, 21). Increased
superoxide generation and increased production of Ang2 may con-
tribute to host recruitment including the recruitment of endothelial
precursor cells. Traps devised against the VEGF-induced Notch
ligand D114 have been produced to address the resistance of tumors
to anti-VEGF therapies (22). Blockade of Nox enzymes with small
molecules may be an attractive strategy beyond their application
in hemangiomas because it may block both DIl4 signaling and
superoxide-dependent HIF2a-induced VEGF (23). Combination
or sequential therapies using VEGF blockade and Nox4 blockade
using novel small molecules such as fulvenes may result in improved
responses for angiogenic disorders including cancer.

Methods

Cells. bEnd.3 cells (ATCC CRL 2299) were obtained from ATCC and cul-
tured in DMEM (4,500 mg glucose/1) supplemented with 10% FBS, L-gluta-
mine (14 ml/l), recombinant mouse VEGF (10 ng/ml; R&D Systems), and
antibiotic/antimycotic (14 ml/l; Sigma-Aldrich).
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Figure 5

Fulvene-5 inhibits ROS generation by Nox4 and Nox2 in vitro. 293 cells
were treated with vehicle control or 5 uM indigo fulvene as described
in Methods. COSphox cells were additionally either left unstimulated
or stimulated with phorbol ester (PMA). H2O, production was mea-
sured after 60 minutes. Results are shown as a percentage relative to
untreated control (100%) and are the mean of n = 4 (Nox2) or depict a
representative experiment (Nox4, n = 2).
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Relative expression levels of Ang2, Dll4, and PIGF in bEnd.3 cells treated with fulvene-5. Relative expression levels indicate a dose-dependent
decrease. Bars represent the average of triplicate experiments (corrected for 18S RNA), and error bars indicate the SEM. *P < 0.05 versus control.

Generation of Ang2"”*, Ang2*/~, and Ang2~/~ endothelioma cells. Cerebral capil-
laries were isolated from Ang2~/~ mice (24) essentially as described before
(20, 21), and expression of a known endothelial marker (CD31) was con-
firmed by PCR. Two independent isolations of endothelial cells and sub-
sequent transformations were used in the experiments. In brief, cortices
were dissected free from meninges, minced (in buffer A: 153 mmol/l NaCl,
5.6 mmol/l KCl, 2.3 mmol/l CaCl,, 15 mmol/l HEPES, pH 7.4, 10 mg/ml
BSA), and processed by collagenase digestion (0.1% collagenase II in buffer
A; Biochrom) for 30 minutes at 37°C. Next, brain tissue was pelleted, resus-
pended in 25% BSA in buffer A, and centrifuged at 1,000 g for 20 minutes at
4°C. Capillary fragments were cultured overnight at 37°C in DMEM (high
glucose, with GlutaMAX, sodium pyruvate; Gibco, Invitrogen) supple-
mented with 10% FCS, 1% penicillin/streptomycin, 1% nonessential amino
acids, and 5 x 10-5 2-mercaptoethanol. Endothelial cell growth supplement
(Sigma-Aldrich) was added as a source of growth factors. Endothelioma
cell lines from Ang2-deficient (and heterozygous) mice were established the
following day by infection with a recombinant retrovirus transducing the
polyoma virus middle T oncogene (20, 21, 25) as previously described.

Approximately 20,000 endothelioma cells were plated onto 0.2% gelatin-
coated coverslips and grown overnight. Cells were washed in PBS and fixed
in 4% paraformaldehyde for 15 minutes and washed again. Antigen block-
ing was carried out using 10% FCS for 10 minutes. CD31 was detected
using a rat anti-mouse antibody diluted in 5% FCS (MEC13.3; BD Biosci-
ences) for 1 hour before being washed 3 times. Secondary antibody was an
Alexa Fluor 546 conjugated to a donkey anti-rat antibody (1:500 dilution in
5% FCS; Molecular Probes, Invitrogen), and nuclear costaining was carried
out using DAPI (1:5,000) for 30 minutes. Cells were washed before mount-
ing onto glass slides. All steps were carried out at room temperature.

Lentiviral infection. Two shRNAs targeting the mouse Nox4 mRNA were
designed: shNox4-1, GCTGTCCCTAAACGTTCTACT; and shNox4-2,
GGGCCTAGGATTGTGTTTA (26). The complementary single-stranded
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DNA oligonucleotides were annealed and ligated inside the pPENTR/U6 vec-
tor according to the manufacturer’s instructions (Invitrogen). This vector
was recombined by the Gateway LR Clonase (Invitrogen) reaction with the
pLenti6/BLOCK-iT-DEST vector (Invitrogen) to form the shRNA-express-
ing constructs. The lentivirus particles were produced by transient transfec-
tion of 293T cells (27). After 72 hours, the lentivirus-containing superna-
tant was filtered through 0.45-um pore-sized polyethersulfone membrane
and concentrated 150-fold by ultracentrifugation (50,000 g for 90 minutes
at 4°C). One day before transduction, bEnd.3 cells were plated in 12-well
plates at a density of 25,000 cells/well. Cells stably expressing shNox4-1 or
shNox4-2 were subsequently selected by blasticidin (7.5 ug/ml) for 8 days.

Determination of ROS production. HEK293 cells stably expressing Nox4 or
COSphox cells expressing Nox2 were preincubated with solvent (DMSO)
or 5 uM indigo fulvene for 15 minutes. H,O; release was determined using
the homovanillic acid (HVA) assay as described previously (2).

In vivo tumorigenesis studies. In vivo tumorigenesis studies for Ang”~ and
Ang”/~ cells were done by injecting 25,000 bEnd.3 cells homozygous for
Ang2 and 25,000 bEnd.3 cells heterozygous for Ang2 subcutaneously into
3 mice each. Mice were monitored for the development of tumors and
killed 1 month after injection. No evidence of toxicity was observed.

In vivo tumorigenesis studies for bEnd.3 Nox4shRNA was done by inject-
ing 1 x 106 cells transduced with bEnd.3 Nox4shRNA and bEnd.3 control
shRNA subcutaneously into 3 nude mice each. Mice were observed for 14
days and then euthanized due to tumor burden in control animals. Tumor
measurements were made every other day starting at day 4. Animal studies
were approved by the Emory University IACUC.

Quantitative RT-PCR. bEnd.3 Ang”~ cells and bEnd.3 Ang”/- cells were
seeded equally into 2 T-25 flasks, and 24 hours later, RNA was extracted
and purified using QTAGEN RNeasy Mini Kit (no. 74104) and measured
spectrophotometrically (UV-VIS; PerkinElmer). RNA (1 png) was used for
DNase amplification (no. 18068-015; Invitrogen) followed by first-strand
Volume 119 2363
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synthesis RT-PCR (n0.12371-019; SuperScript, Invitrogen). 96-well Opti-
cal Reaction Plate (no. 128; ABI PRISM, Applied Biosystems) was used
for the RT-PCR reaction. A measure of 2.5 ml of template, which had
been diluted 1:10 in cross-linked water, was used in each well, and the
experiment was performed in triplicate. Nrarp (Mm00482529_sl; Taq-
Man Gene Expression Assay, Applied Biosystems), Nox4 (Mm00479246_
m1; TagMan Gene Expression Assay, Applied Biosystems) and 18S
(Hs99999901_s1; TagMan Gene Expression Assay, Applied Biosystems)
primers were used along with cross-linked molecular grade water (Cell-
gro; Mediatech Inc.) and master mix (TaqgMan Fast Universal PCR Master
Mix [2x]; Applied Biosystems). The reaction was run on the 7500 Applied
Biosystems Reader for absolute quantification for 96-well plates. Gene
expression data were automatically calculated by Sequence Detection
Software, version 1.3.1 (Applied Biosystems) along with the SEM. A simi-
lar protocol was used for bEnd.3 Nox4shRNA
and bEnd.3 control cells using Angpt2 primer
(MmO00545822_ml; TagMan Gene Expression
Assay, Applied Biosystems) in addition to Nox4
and 18S. A similar protocol was used for bEnd.3
cells treated with fulvene-5 at concentrations of
0.5 uM, 0.75 uM, and 1.0 uM and bEnd.3 con-
trol cells using Nrarp, Dll4 (Mm00444619_m1;
TaqMan Gene Expression Assay, Applied Bio-
systems), PLGF (Mm00435613_m1; TagMan
Gene Expression Assay, Applied Biosystems),
Angpt2, and 18S primers.

Synthesis and characterization of fulvene-5. Ful-
vene-5 (Figure 8) was synthesized according
to the method of Chajara and Ottosson (28).
In brief, 1.0 g (3.81 mM) of indigo was dis-
solved in 500 ml tetrahydrofuran (THF) in a
clean, dry flask in an argon atmosphere under

constant stirring at room temperature. To

o
N )
(L~ I+ ) ==
N THF
(0]

Figure 7

Treatment with vehicle control and fulvene-5 in vivo. For each treat-
ment condition, 3 mice were subcutaneously injected on day 1 with 108
bEnd.3 cells and monitored for tumor development. From day 2 to day
12, mice were treated with fulvene-5 by making a stock solution of 4 mg
fulvene-5 compound dissolved in 100 ul of 100% ethanol plus 1.1 ml
of intralipid and then sonicated for 15 seconds. The treatment stock
solution (330 wl) was injected intraperitoneally into each of 3 mice of
the fulvene-5 treatment group. For control animals, a stock solution
was made of 100 ul of 100% ethanol plus 1.1 ml of intralipid solution,
and 330 ul of stock solution was injected intraperitoneally into each
of 3 mice of the control group. Injections were continued for 2 weeks.
On day 9 and day 12, tumors were measured in all 6 animals, and
there was a significant difference in tumor volume between the control
and fulvene-5—treated mice. No toxicity was noted following injection.
Animals were euthanized on day 14, secondary to tumor burden in the
control animals. Photos represent average tumor burden in each of
the 2 groups (A), and tumor volume (mm?3) is graphically depicted (B).
Error bars represent SEM. P < 0.05 versus control.

evaporation at 35°C. The resulting black plaque-like solid was extracted
into diethyl ether until the ether layer was pale yellow. The ether frac-
tions were pooled and evaporated on a rotary evaporator, resulting in
a red-orange oil. Chromatographic separation on alumina with 50:50
ether/hexane resulted in a 45% yield of indigo fulvene in the form of
an orange solid. NMR is displayed in Figure 8. The predominant mass
spectroscopy point (M+) is 359.12.

Statistics. Statistical differences for in vitro assays were done with a
2-tailed Student’s ¢ test, as the data from these experiments were nor-
mally distributed, with P < 0.05 considered significant. For the in vivo
mouse tumor growth experiment, differences in tumor volume over time
were analyzed with 2-way ANOVA. P < 0.05 indicated a statistically sig-
nificant reduction in tumor growth of the treated group compared with
the control group.

reflux/4 h

N
s
.

s
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WL

this, 0.839 g (9.53 mM) of sodium cyclopen-

tadienide (2 M in THF) was added dropwise; 10.5

upon completion of this addition, the solution 2.00 e
was heated to 60°C for 4 hours. The solution 0.16
changed colors from deep blue to blue-green Figure 8

to dark purple and finally to a dark brown.
After 4 hours, the reaction was quenched with
water and the solvent was removed via rotary
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Synthesis and NMR of fulvene-5. Synthesis of fulvene-5 with indigo and cyclopentadienide.
NMR shows clear distinctions of amine peaks characteristic of those found in indigo with added
peaks in the aromatic region. THF, tetrahydrofuran.
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